Background: Ectopic eruption and/or impaction of maxillary permanent canines is a frequent problem in clinical dentistry. Previous studies aimed to identify potential associated factors and predictors for impacted maxillary canines have only used conventional univariate statistics, which does not allow the analysis of the interaction between and within variables. Multivariate data analysis (MVDA) is a better and more powerful tool for the integration and interpretation of complex datasets. Aim: The aim of this study was to validate previously explored predictors of permanent maxillary canine impaction using MVDA. Subjects and methods: This cohort study included all the patients referred during 2011 to Mölndal Hospital, Sweden for surgical exposure of impacted canines (N = 45). Age-and gender-matched orthodontic patients (N = 45) with normally erupting canines comprised the control group. The age range for both groups was 11-17 years. The positions of the canine teeth (orthopantograms), the skeletal variables (profile radiographs), and dentoalveolar traits (casts) were evaluated as potential predictive factors for impaction. Results: None of the parameters evaluated with either profile radiography or casts were positively correlated with impacted maxillary canines, with the exception of the location of the already impacted canines, as identified by orthopantogram.
Introduction
Ectopic eruption and/or impaction of permanent maxillary canines is a common problem in clinical orthodontics. With a prevalence of 1-3 per cent (1) (2) (3) , this developmental aberration ranks second after the lower third molar impaction (4) . An early diagnosis is crucial to prevent adverse consequences for the patient, including incisor root resorption and/or extended orthodontic treatment regimens (5) . Several studies have attempted to uncover predictive factors, so as to facilitate early identification of these patients at an early stage (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Despite the numerous studies conducted in this field, factors associated with impaction of canines still remain a matter for discussion.
Sector location of the unerupted permanent canine (14, 22, 23, 25) and dentoalveolar features, including delayed dental development in relation to age (10, 18, 21) , have been proposed as indicators of eventual impaction. Other dental anomalies, such as aplasia, pegshaped laterals, and agenesis of adjacent teeth, have been associated with impacted canines suggesting a genetic aetiology (11, 13, 19, 24, 26) . Moreover, skeletal features, e.g. class II division 2 malocclusion, a deep overbite, a hypodivergent profile, and abnormal maxillary width, have also been connected with impaction (7, 9, 12, 13, 15, 16, 27, 28) .
All the previous studies have analysed predictive factors independently or in a low complexity number (less than 5) using European Journal of Orthodontics, 2017, 153-160 doi:10.1093/ejo/cjw042 Advance Access publication 14 May 2016 conventional univariate statistics. Thus, the scope in the prediction search was limited, as potential covariation within variables was excluded. In general, univariate and bivariate data analyses are insufficient to describe accurately the complex event being investigated. Multivariate techniques provide researchers with a broader and more accurate picture by reducing the complexity of the datasets while retaining valuable information about each observation.
The complex nature of most biological datasets entails technical and systematic errors, which makes these analyses more challenging. Large datasets, in combination with complex biological questions, have created a need for more specific and sophisticated statistical, mathematical, and high-end computational support. Principal component analysis (PCA) and partial least squares (PLS) analysis, can identify new linkages and associations due to their ability to analyse data with multiple, noisy, collinear, and even incomplete variables in both the X and Y matrices (29) . The multivariate data analysis (MVDA) method fulfils a variety of data-analytical objectives, including: summarising and visualising a dataset; classification and diverse discriminant analysis; and the identification of quantitative relationships among the variables. MVDA can be applied to any type of multivariate dataset, i.e. with many or few variables, with many or few observations, and with complete or incomplete data tables. In particular, the specific projections made by MVDA can handle matrices with more variables than observations, and the data can be both noisy and highly collinear (30) .
The aim of the present study was to identify predictive factors positively correlated with maxillary canine impaction using a comprehensive multivariate approach.
Subjects and methods

Study design and subjects
This study was approved by the Regional Ethics Board at the University of Gothenburg (Dnr. 898-13) and by the National Data Inspection Board. The patients included in the study group were referred from general practitioners, between January and December 2011, to the Department of Orthodontics at Mölndal Hospital, Mölndal, Sweden, for comprehensive treatment of impacted maxillary canines. A diagnosis of maxillary canine impaction was established if (i) no spontaneous correction of a malpositioned canine occurred within at least 1 year after extraction of the deciduous canine, or (ii) when eruption is considerably delayed (based on chronological age and contralateral eruption). The inclusion criterion for the study group was presentation for comprehensive treatment of impacted maxillary canines between January and December of 2011. Patients with any craniofacial syndrome or cleft palate were excluded from the study. Forty-five subjects, with a total of 58 impacted permanent maxillary canines, were enrolled (19 females/39 males; mean age= 14.2 years; age range, 11-17 years) ( Table 1) . Age-and gender-matched orthodontic patients (N = 45) who attended the same clinic and had normally erupting permanent maxillary canines were used as the control group.
Study variables
Primary outcome variables
The primary outcome variable in this study was the presence of an impacted and surgically exposed maxillary canine.
Possible predictor variables
The predictor variables of interest in this study were the X variables derived/collected from measurements conducted with study casts, panoramic radiographs, and profile radiographs. Detailed information on the individual variables is presented in Table 2 .
Data collection methods
Panoramic radiographs
All the panoramic radiographs were obtained with the same X-ray unit (Schick; PanElite, New York, USA) and using standardised settings (64 kV, 8 mA, ×1.25 constant magnification). All the radiographs were coded and the measurements were performed in a blinded fashion by one of the authors (P.U.) (Figure 1) . Angulation of the impacted maxillary canine was determined as the angle formed by the long axis of the canine with the midline denoted as 'α', and the angle formed by the long axis of the canine with the occlusal plane denoted as 'σ'. The midline was defined by the inter-maxillary suture, anterior nasal spine, nasal septum and the inter-nasal suture. The occlusal plane was determined by drawing a horizontal line through the incisal edge of the permanent maxillary central incisor and the occlusal plane of the first permanent maxillary molar on the given side. A perpendicular line was then drawn from the cusp tip of the impacted maxillary canine to the occlusal plane. This distance was denoted as 'd1'. The lateral distance of the canine was measured using a perpendicular line drawn at the midline. The distance (in mm) to the crown tip was recorded and denoted as 'd2'. Sector location of the impacted tooth was assigned to one of five categories based on the canine crown overlap of the roots of the adjacent teeth, according to the method described by Ericson and Kurol (1) , and including the modification by Lindauer (14) .
Cephalograms
All the cephalograms were taken with the same cephalostat (Schick; PanElite, New York, USA) using standardised settings (64 kV, 8 mA, ×1.25 constant magnification). The reference points and lines used are illustrated in Figures 2 and 3 , according to Björk (33) . The digital lateral cephalograms were traced using the FACAD software (Ilexis AB, Linköping, Sweden) based on Bergen's cephalometric norms.
Study casts
The arch length was obtained by measuring the arch perimeter to the first permanent molars, divided into right/left posterior and anterior segments, as previously described by Thilander (34) (Figure 4) . Briefly, the posterior length (P 2 -C) represents the distance between the distal surface of the second premolar and the mesial surface of the permanent canine on the right and left sides. The anterior length (I 1 -I 2 ) represents the distance between the mesial surface of the permanent canine and the midline of the dental arch. The circumference of each dental arch is represented by the distance (P 2 -P 2 ). When the permanent canine was not present, the mesial surface of the first premolar was used.
The width of each dental arch was obtained by measuring the distance between the corresponding teeth on the right and left sides at different levels. The anterior arch width was designated as the distance between the contact points of the mesial surface of the first premolar (P 1 -P 1 ). The posterior arch width was assessed as the distance between the central fossa of the first permanent molars (M 1 -M 1 ). 
Dental age
The modified classification proposed by Demirjian and Goldstein (35) was used to assess the dental age based on the degree of calcification of the permanent teeth. The developmental stages of the seven left mandibular permanent teeth were determined. Briefly, the degree of tooth formation was scored as one of eight stages, from the first appearance of calcification to the closure of the apex (stages A through H). Each stage of the seven teeth was translated into a maturity score, and the sum of the scores was transformed into a dental maturity age, which differed according to the gender of the patient based on the conversion system provided by Demirjian and Goldstein (35) .
The chronological age of each patient was determined when the radiographs were taken, but was not recorded until all the dental age assessments were completed, to avoid bias. Any discrepancy between the dental age and the chronological age was considered for each case.
Data analysis
Intra-examiner reliability
The measurements obtained from all radiographs and dental casts were repeated 1 month later by the same examiner (P.U.). Intraexaminer reliability was assessed using Dahlberg's formula (36) (method error = √∑d 2 /2n, where d is the z difference between the two measurements of a pair, and n is the number of samples). 
Multivariate data analysis
MVDA was performed using the SIMCA-P software ver. 13 (Umetrics AB, Umeå, Sweden) PCA was applied to reduce the complexity of the data and to identify any intrinsic clustering within the dataset. The variables were column-scaled to unit variance and mean-centred. Moreover, prior to OPLS-DA modelling, separate PCAs were carried out to check for homogeneity and outlier identification. In a similar fashion, plots of residuals, in terms of the DmodX and DmodY control charts, were used to identify moderate outliers in the data. To support the decisionmaking process, some statistical reference limits were considered. For 2D score plots, Hotelling's T2 defined a 95 per cent tolerance region, and for the DmodX bar chart, a critical distance corresponding to the 0.05 level was derived from the F-distribution. Observations outside the ellipse defined by Hotelling's T2 deviated from normality, and observations exceeded the critical distance in DmodX did not fit the model. OPLS-DA was used for pattern recognition across two different matrices; this involves reduction of data complexity and is commonly used to establish the information on X variables that relates to the variation in Y in a multivariate model (37) . In the present case, X corresponded to the individual clinical variables, and Y denoted the specific diagnosis (impacted versus non-impacted canine). The variables were plotted along an orthogonal axis. The importance of each X-variable for the related Y-variable is presented as column bars in a corresponding column-loading plot.
The quality of the multivariate analysis was assessed based on the following parameters: R2X, i.e. how well the variation of the Y-variable is explained by the model, the goodness of fit; and Q2, i.e. how well a variable can be predicted by the model, the goodness of prediction (30) . Variable of influence of projection (VIP) was the criterion selected to summarise the importance of the different predictors in the Y-matrix, where a VIP > 1 indicates that the X-variable is influential in explaining Y (38) .
For further details of mathematical procedures used in the MVDA, see Eriksson et al. (39) .
Results
The intra-examiner reliability for the measurements showed a high correlation with Dahlberg's values not greater than 0.99 (P < 0.000) for both the angular and linear measurements.
The dominating trends of groups' separation inherent to the data are highlighted in the resulting PCA model. Plots of the PCA scores reveal the relationships among the observations. In Figure 5 , there is a clear separation between the patients with impacted canines (green dots) and the controls (blue dots). One data-point (C14) appears to deviate markedly from the 95 per cent confidence interval of Hotelling's T2, which provides a check for observations that adhere to multivariate normality. As an outlier of this sort might be of interest, a detailed examination of the values that deviated from normality was performed; these values were deemed to be irrelevant for the prediction model.
It was determined that the applied statistical models had predictive power >80 per cent-Q2 (0.82127). The results of the MVDA indicate that variables related to the location of the unerupted tooth are significant predictors of impaction.
The associations between each of the X-variables (clinical variables) and the Y-matrix (diagnosis) are expressed as OPLS-DA regression coefficients and coloured according to the VIP values ( Figure 6 ). These VIP values can be used to discriminate between important and irrelevant predictors for the overall model.
The regression model based on OPLS-DA allowed the identification of five positively correlated variables. As shown in Figure 7 , vertical level to the occlusal plane, lateral distance to the midline and angulation to the midline exerted the strongest influences on the prediction of impaction, with canine location in the more mesial sectors being substantially associated. Neither skeletal features nor specific dentoalveolar relationships were identified as being correlated to the impacted group.
Discussion
In this study, the only factor identified by MVDA associated with impaction is the position of the impacted canine. Neither profile X-ray parameters nor study cast parameters are adequate for predicting canine impaction.
Over the years, numerous researchers have focused on identifying specific predictors for impaction. Despite the many publications in this area, associated factors remain a topic for discussion. Extracting useful information from biological events that entail high numbers of variables is a non-trivial task that requires powerful computational methods to identify common trends and detect patterns. Although, several studies have directed their efforts towards these specific clinical factors, only conventional statistics have been used in the evaluations. Thus, the potential interactions between and within clinical variables limit the scope of these investigations. Discrepancies that arise between the numbers of variables analysed and the number of study subjects constitute a major challenge in these large-scale investigations. These short-and-wide dataset structures are not conducive to traditional univariate statistical methods, since repeated hypothesis testing results in a high number of potential false-positives. Another disadvantage of univariate approaches is that each variable is evaluated in isolation prior to selection. The aim of this study was to employ a comprehensive approach using MVDA to validate the previously studied predictors for the impaction of permanent maxillary canines.
Univariate data can readily be visualised and compared using summary statistics, including means and standard deviations. Bi-variate and three-variable data can be displayed as two-and three-dimensional graphs with one axis for each variable, respectively. However, when four or more variables are analysed, it becomes increasingly difficult to visualise and compare these variables in a multi-dimensional graph. Multivariate methods reduce the complexity of the datasets while retaining as much information as possible about each sample. In contrast to multivariate regression, in which one can just obtain the required coefficients that relate Y to X, MVDA allows the use of different tasks, i.e. the summarising and visualising of a dataset, classification and discriminant analysis, and the identification of quantitative relationships among the variables (39) . Soft independent modelling of class analogy (SIMCA) is a classification technique that minimises assumptions about the linearity of relationships between descriptors within and between classes. The PLS multivariate projection technique derives its usefulness from its ability to deal with multiple and noisy variables and multicollinearity in dataset structures. The PLS technique is designed to handle multiple variables measured for relatively few subjects (described as 'short and fat' data structures), as compared to traditional statistical methods that measure a few variables for many subjects (described as 'long and lean' data structures). PLS is primarily used to perform multivariate correlation between two defined data blocks. It filters out variation that is not directly related to the response. Together, they can be described as a group of tools that reduce the dimensionality of large datasets to render the visualisation and interpretation more manageable. This system has been applied in genomics, proteomics, metabonomics, and in the dentistry field (39) (40) (41) (42) .
This method has two main limitations. First, it is highly sensitive to typing errors in the database, which means that the data have to be checked carefully before the analysis. Second, it is highly sensitive to outliers in terms of its predictive success, so special effort has to be made to detect outliers.
As expected, our results showed that the most influential features in regard to the impaction groups are those related to spatial location of the unerupted tooth. If the canine is completely developed, the canine angle to the midline and the overlap with the lateral incisor are considered good indicators of canine impaction. Sector location and angulation of the impacted tooth have been analysed previously as predictors of eruption after extraction of the deciduous canine (1, 31, 43, 44) . Consistent with the findings of Wardford et al. (22) and Alqerban et al. (8) , the degree of mesial overlap of the maxillary canine relative to the adjacent lateral incisor exerts a strong influence on the severity of impaction. Ericson and Kurol (1) and Power and Short (31) reported lower probabilities of eruption when a lower canine angulation to the midline was present. Sajnani and King (25) reported that the vertical level of the canine cusp tip to the occlusal maxillary plane was the most important predictor. However, linear measurements and their angulations, used to identify the positions of the impacted canines, have been found by some authors to be poor indicators of: successful outcome from interceptive orthodontic treatment; length of treatment; and periodontal status (32, 43, 45) .
We aimed to identify predictive variables for impacted maxillary canines. Based on our results, sector location, angulation to the midline, and vertical level to the occlusal plane are indicators of impaction, yielding good predictive power. To investigate these variables as predictors, a prospective study design in which the patients are followed from a younger age is needed. The significance of these specific variables has also been studied using cone-beam computed tomography (CBCT) radiography, resulting in the strongest predictive capability (8) .
Sagittal and vertical craniofacial relationship features and dentoalveolar traits did not show a great influence towards the canine impacted group in this study. The craniofacial skeletal characteristics of the subjects with canine impaction have previously been found to have no clear association with any specific craniofacial pattern. Retrognathic maxilla and hypodivergent relationships in combination with tooth size reduction, tooth aplasia, and infra-occlusion have been suggested as predictors that might identify candidates for interceptive treatment options (19) . A higher frequency of Angle Class II d.2 malocclusion and deep overbite has been related to the affected group (7, 9, 27, 28) . Retroinclination of maxillary central incisors have been described as possible predictors as well (15) . Furthermore, deficient maxillary width has been implicated as a local mechanical cause for palatal canine displacement (6, 16) .
In addition to their contradictory outcomes, the previously mentioned studies tested not more than five variables associated with canine impaction using conventional statistical approaches. As a consequence, the possibilities that these factors might be independent predictors or that there might be interactions or correlations between and within the variables were under-appreciated.
As reported in the literature, dental age is a multifactorial phenomenon. Late development of teeth has been proposed as a predictor of palatally impacted canines (10, 18, 21) . In our model, the validation of this specific variable was not sufficiently strong to demonstrate a clear association. The assumption that maxillary canine impaction is linked to slower dental development needs to be confirmed in further studies with a larger cohort of patients.
It has been postulated that a genetically modulated mechanism underlies the linkage between coincidental dental anomalies (i.e. the absence or presence of small lateral, late developing teeth, etc.), based on their frequencies of association (24) . . OPLS-DA Loading Scatter Plot. OPLS-DA-loading graph plotted against the outcome variable (impacted or non-impacted). The data are normalised for unit length and coloured according to the VIP values. The distribution of the data points shows a strong resemblance to that displayed in Figure 5 . The separation of the data points in the horizontal direction (between-group variation) is determined by their VIP value colours. The separation of the data points in the vertical direction (within-group variation) is influenced by their relevance to predictive power. Based on the distribution of the clinical variables, the vertical level, distance to midline, and sector location are interpreted as definitive predictors for the model.
The ability to diagnose canine displacement in the early mixed dentition and to prevent impaction of the canine is important for the clinician. Additional parameters that are associated with the aetiology of impacted canines, such as biological factors and signalling transduction pathways that regulate the eruption process, warrant further investigation. Impaction may be related to the biological mechanisms involved in the bone remodelling that is needed for eruption and that is regulated by the dental follicle. Improved understanding of these regulatory pathways would give insights into the factors responsible for tooth impaction.
Conclusion
No correlation between clinical variables and impaction could be found using the comprehensive MVDA analysis. Therefore, these variables could not be used as predictors of impaction. 
